The activation mechanisms of recombinant N-methyl-D-aspartate receptors (NRs) have been 48 established in sufficient detail to account for their single-channel and macroscopic responses, 49 however, the reaction mechanism of native NRs remains uncertain due to indetermination of the 50 isoforms expressed and possible neuron-specific factors. To delineate the activation mechanism 51 of native NRs, we examined the kinetic properties of currents generated by individual channels 52 located at the soma of cultured rat neurons. Cells were dissociated from embryonic cerebral 53 cortex or hippocampus and on-cell single-channel recordings were done between 4 and 50 days 54 in vitro (DIV). We observed two types of kinetics that correlated with the age of the culture. 55 
The N1 subunit is obligatory to all functional NRs and is ubiquitously expressed throughout the 88 mammalian brain; the N2B (2B) and N2A (2A) subunits are the principal N2 subtypes expressed 89 in cortex and hippocampus (Monyer et al. 1992 ); 2B is expressed first and predominates in 90 immature neurons; later in development, its expression declines in parallel with an increase in 91 the 2A subunit (Monyer et al. 1994; Watanabe et al. 1992 ). This age-related switch between 2B 92 activity and prevent apoptosis. Before electrophysiological measurements, cells were washed 167 and immersed in phosphate-buffer saline. 168
Electrophysiology 169
Single-channel recordings: Single-channel currents were recorded with the cell-attached patch-170 clamp technique (Hamill et al. 1981) . Recordings were performed with electrodes pulled in two 171 stages with a vertical puller (PC-10, Narishige International USAm East Meadow, NY) from 172 borosilicate glass capillaries (BF150-86-10, Sutter Instrument Company, Novato, CA), fire-173 polished to a final resistance of 12 -25 MΩ, and filled with extracellular solution (in mM): 150 174 NaCl, 2.5 KCl, 10 HEPBS, 1 EDTA, 1 glutamate, 0.1 glycine adjusted to pH 8.0 (NaOH). When 175 recording from neurons, the pipette solution also contained 20 µM 6-cyano-7-nitroquinoxaline 176 (CNQX) (Sigma-Aldrich, St. Louis, MO) to inhibit AMPAR and KAR currents. Fresh solutions 177
were prepared daily from a DMSO stock (final DMSO ~ 0.2%) stored at -80°C. NR activity was 178 recorded as inward Na + fluxes after applying +100 mV through the recording pipette. Currents 179 were amplified and analog filtered at 10 kHz (Axopatch 200B, 4-pole Bessel) and digitally 180 sampled at 40 kHz (NiDAq, PCI-6229, M Series Card, National Instruments, Austin TX) into 181 digital files with QUB software (www.QUB.buffalo.edu, University at Buffalo, Buffalo, NY). 182
To measure resting membrane potentials for HEK293 cells and cultured neurons, after obtaining 183 a high-resistance cell-attached seal and subsequently breaking through the membrane into 184 whole-cell voltage-clamp, the recording configuration was switched to current-clamp and the 185 voltage (V R ) was noted; average values were computed for HEK293 cells and for neurons. 186
Single-channel conductance (g) was calculated using the on-cell single-channel amplitude (i) 187 measured at a given applied voltage (V a ), and the relationship: g = i/V, where V = V R + V a . 
Data analysis 199
Recorded currents were analyzed as described in detail previously (Kussius et al. 2009 ). 200
Microscopic recordings that contained more than one active channel, as indicated by 201 simultaneous openings, were discarded and the selected one-channel files were processed, Macroscopic traces (3 -10 traces/cell) were averaged and evaluated by measuring peak (I pk ) 212 and equilibrium (I ss ) current amplitudes and by fitting a mono-exponential function to the decay 213 phase of the current (Clampfit 10.2 software, Molecular Devices, Sunnyvale, CA). These 214 analyses provided metrics for macroscopic desensitization as time constant (τ D ) and the peak to 215 steady-state current ratio (I ss /I pk ). Values are reported as means ± S.E.M. obtained for 6 -15 216
cells per condition. 217
Simulated macroscopic responses were generated in QUB as previously described (Kussius et 218 al. 2009 ). The models derived from stationary single-channel recordings where expanded to 219 include two sequential glutamate binding steps leading into the C 3 state of each model; 220 glutamate association and dissociation rate constants were considered equal to those reported 221 for recombinant N1/2A (Popescu et al. 2004 ) and N1/2B (Amico-Ruvio and Popescu 2010) 222 receptors. Long (5 s) glutamate applications were modeled as instantaneous concentrations 223 jumps between zero and 1 mM glutamate. 224
Significance of observed differences between means was evaluated with a two-tail Student's t-225 test; significance of observed differences in variance was evaluated with a two-tailed F-test; 226 differences were considered significant for p < 0.05. 227
Results

228
Experimental recording conditions of native and recombinant NRs 229
Equilibrium single-channel activity of recombinant and native NRs were measured using the 230 cell-attached patch-clamp technique as inward Na + fluxes ( Figure 1A ). Recordings were made 231 in saturating concentrations of the physiological agonists glutamate (1 mM) and glycine (0.1 232 mM) and in conditions specifically selected to minimize inhibition by extracellular protons (pH 233 8.0) and divalent cations, such as magnesium and zinc (1 mM EDTA). Native receptors were 234 investigated in neurons dissociated from the cerebral cortices or hippocampi of rat embryos 235 (E18) (n = 34); the measured resting membrane potential (V R ) of these neurons was -62 ± 2 mV 236 concentrations used in this study, this antagonism is negligible (Lester et al. 1989 ). Consistent 247 with these previous reports, we found that CNQX had no effect on the properties of single-248 channel currents recorded from recombinant N1/2A receptors expressed in HEK293 cells 249 (Table 1) . Having accomplished these preliminary measurements we next examined the 250 behavior of native NRs. Before we proceeded to characterize in more detail the kinetics of native receptors, we 305 examined the calculated conductances after classifying native NRs by their P O as occurring in 306
ENs (63 ± 3 pS) or LNs (55 ± 3 pS) ( Table 1) . In early cultures, NRs had ~13% larger single-307 channel conductance than in late cultures; however, in our study this difference was not 308 statistically significant (p > 0.06). Previous reports also noted that recombinant N1/2B receptors 309 tended to produce larger unitary currents than N1/2A receptors but these differences were not 310 statistically significant (Amico-Ruvio and Popescu 2010). The unitary conductance we 311 calculated in this study for recombinant N1/2B receptors was ~10% larger than that of 312 recombinant N1/2A receptors (p < 0.047). Independent measurements of slope NR 313 conductances for recombinant NRs also found N1/2B receptors to have slightly higher Na native NRs was a definitive indication that these receptors displayed modal gating ( Figure 2D) . 373
Using the component durations as guide, and noting that low-, medium-, and high-duration 374 components were present in recordings obtained from both ENs and LNs, we conclude that in 375 these preparations, three kinetic modes were present as described previously for recombinant 376 receptors (Figure 4) . Further, open components in ENs were indistinguishable from those 377 parameters. This result may indicate a lack of effect for the putative interaction, a lack of 408 interaction or simply a lack of proper Neto1 expression in our experimental conditions. We did 409 not investigate this aspect further. 410
411
PSD95 alters the single-channel properties of N1/2B but not N1/2A receptors. 412
Next, we determined how co-transfection with PSD95 affected the mean single-channel 413 properties of recombinant NRs by examining on-cell single-channel currents recorded from co-414 transfected HEK293 cells. To our surprise, the overall kinetic parameters were not significantly 415 different between the two conditions for either N1/2A or N1/2B preparations (Table 1) . However, 416
we noted that co-transfection with PSD95 reduced the wide range of P O and MCT characteristic 417 of N1/2B receptors observed in both HEK293 cells and neurons (F-test, p < 0.05) (Figure 6) . 418
However, at the levels of dwell time distributions and that of rate constants, we observed 419 several differences in recombinant NR kinetics when co-transfected with PSD95. For N1/2B 420 receptors, co-transfection with PSD95 reduced the closed but not the open component 421 durations. Specifically, the closed time components τ E2 , τ E3 , and τ E4 were all significantly shorter 422 when compared to values obtained for N1/2B receptors in the absence of PSD95 (Figure 7A) . 423
These differences were reflected in the stationary gating reaction as changes in the C 3 -C 2 , C 2 -424 C 1 , and C 4 -C 2 transitions; however, these differences did not materialize in measurable kinetic 425 differences of the simulated macroscopic trace (Figure 7A ). For N1/2A receptors, co-426 transfection with PSD95 reduced only one of the closed time constants (τ E1 ) and changed only 427 one transition rate (C 2 →C 1 ) ( Figure 7B) . Simulations with the model deduced from cells co-428 transfected with PSD95 produced N1/N2A currents that were very similar to those simulated 429 with models deduced from cells transfected with N1/N2A alone. Lastly, co-transfecting cells with 430 N1/2A and Neto1 produced single-channel currents that had similar P O , MOT, and MCT ( Table  431 1) and kinetics that were indistinguishable from those produced by N1/N2A in the absence of 432
Neto1 (data not shown). 433
Discussion 434
In this study, we examined the single-channel behaviors of NRs expressed endogenously at the 435 soma of neurons dissociated from rat embryonic cortices or hippocampi, during in vitro 436 development and we compared these directly with those observed for recombinant NRs 437 expressed in the HEK293 cell line. We found that native receptors had slightly lower Na strong divalent cation chelator, we can unambiguously attribute these effects to changes in 510 gating, thus separating them from possible effects on zinc-mediated desensitization. However, 511
to our surprise we did not observe substantial changes in the single-channel parameters of 512 either N1/2B or N1/2A receptors upon co-transfection with PSD95. We noted however that the 513 large variance in P O and MCT characteristic of recombinant N1/2B receptors, which we also 514 observed in somatic neuronal receptors expressed in early cultures, was significantly reduced. 515
This decrease in variance was also observed for macroscopic traces; however, the models we 516 derived from on-cell single-channel recordings were largely invariant and thus could not explain 517 the difference in macroscopic desensitization we recorded. This result may indicate that PSD95 518 had no effect on channel gating per se but influenced how other intracellular signaling systems 519 impinged on NRs. This hypothesis is consistent with a large body of knowledge on PSD95 520 effects on NR-mediate processes; however, it clearly requires more detailed investigation. 521
We also sought to determine whether co-transfection of recombinant receptors with Neto1 
